Because of the serious side effects of the currently used bronchodilators, new compounds with similar functions must be developed. We screened several herbs and found that Polygonum aviculare L. contains ingredients that inhibit the precontraction of mouse and human airway smooth muscle (ASM). High K + -induced precontraction in ASM was completely inhibited by nifedipine, a selective blocker of L-type voltage-dependent Ca 2+ channels (LVDCCs). However, nifedipine only partially reduced the precontraction induced by acetylcholine chloride (ACH). Additionally, the ACH-induced precontraction was partly reduced by pyrazole-3 (Pyr3), a selective blocker of TRPC3 and stromal interaction molecule (STIM)/Orai channels. These channel-mediated currents were inhibited by the compounds present in P. aviculare extracts, suggesting that this inhibition was mediated by LVDCCs, TRPC3 and/or STIM/Orai channels. Moreover, these channel-mediated currents were inhibited by quercetin, which is present in P. aviculare extracts. Furthermore, quercetin inhibited ACH-induced precontraction in ASM. Overall, our data indicate that the ethyl acetate fraction of P. aviculare and quercetin can inhibit Ca 2+ -permeant LVDCCs, TRPC3 and STIM/Orai channels, which inhibits the precontraction of ASM. These findings suggest that P. aviculare could be used to develop new bronchodilators to treat obstructive lung diseases such as asthma and chronic obstructive pulmonary disease.
Results
Effects of EAF on the contraction of mouse tracheal ASM. We first studied the effects of EAF on precontracted ASM induced by ACH and high K + levels (i.e., high-K + solutions containing 80 mM KCl). As shown in Fig. 1a and b, 100 μM ACH induced sustained precontractions in mouse tracheal rings (TRs). The effects of the vehicle (0.1% DMSO) and EAF were then compared. The vehicle did not affect the precontraction in the 6 TRs studied, whereas EAF inhibited TR precontraction in a dose-dependent manner. The half maximal inhibitory concentration (IC 50 ) of EAF was 0.33 ± 0.02 mg/mL (n = 6/6, the number of samples/the number of animals), and the maximal inhibition was 59.8 ± 4.7%. These results indicate that EAF potently attenuates ASM precontraction. However, the petroleum ether, chloroform, butyl alcohol and water fractions of P. aviculare had no such inhibitory effects.
This inhibitory effect of EAF was also observed in epithelium-denuded TRs (Fig. 1b) . The removal of the epithelium was confirmed in tissue slices stained with hematoxylin and eosin (data not shown). The IC 50 value was 0.33 ± 0.01 mg/mL, and the peak inhibition was 61.2 ± 2.2% (n = 6/6). These results show that EAF inhibits the ACH-induced precontraction of epithelium-denuded TRs. Although the dose-inhibition curve was steeper for these samples than that in samples with intact samples, the maximal inhibition was similar. Thus, intact samples were used in subsequent experiments unless otherwise stated.
Additionally, EAF reduced high K + -induced precontraction of TRs (Fig. 1c ). The IC 50 was calculated as 0.26 ± 0.02 mg/mL (n = 6/6), with a peak inhibition of 55.9 ± 4.7%.
Moreover, EAF induced very small transient and moderate sustained contractions in quiescent TRs (Fig. 1d ). The peak and sustained forces were 1.1 ± 0.06 mN and 0.15 ± 0.07 mN (n = 6/6), respectively. These data suggest that EAF does not induce substantial contraction in resting tracheal ASM.
EAF reduces the precontraction of mouse bronchial ASM. We further studied the effects of EAF on precontraction in bronchial ASM by measuring the airway lumen area (ALA) in mouse lung slices. As shown in Figure S1 , 100 μM ACH decreased the ALA. EAF was then added, and the ALA, measured after 30 min, was markedly higher than that in the vehicle control-treated samples. These data indicate that EAF inhibits precontraction in bronchial ASM.
EAF decreases the precontraction of human bronchial ASM. Strips of human bronchial ASM were
induced to contract by the addition of ACH, and the effects of vehicle and EAF were observed ( Fig. 2 ). EAF induced a marked relaxation in human bronchial ASM (96.1 ± 2.0%, n = 6 samples/6 subjects), whereas the vehicle had no such effect (n = 6 samples/3 subjects). These results indicate that EAF inhibits ACH-induced precontraction in human bronchial ASM.
Mechanism of high K + -and ACH-induced precontraction.
We then investigated the underlying mechanism of precontraction in mouse tracheal ASM induced by high K + levels and ACH. It is known that high K + levels induce plasma membrane depolarization and activate LVDCCs. The activated LVDCCs mediate Ca 2+ influx, which then triggers contraction. As shown in Fig. 3a , the TR showed a sustained contraction following the addition of high-K + solution, which was almost completely inhibited by 10 μM nifedipine, a selective blocker of LVDCCs. The maximal inhibition was 99.8 ± 0.63% (n = 8/8). Moreover, single tracheal ASM cells exhibited LVDCC-mediated currents, which were completely blocked by nifedipine ( Fig. 3b ). These results suggest that the high K + level-induced contraction is mediated by LVDCC-mediated Ca 2+ influx.
ACH-induced contractions have been reported to be mediated by LVDCCs 14, 15 , TRPC3 and/or STIM/Orai channels 15, 16 . We found that the LVDCC blocker nifedipine ( Fig. 4a ) and the TRPC3 and STIM/Orai channel blocker pyrazole-3 (Pyr3) 17 (Fig. 4b ) inhibited the ACH-induced precontraction of TRs. These results were further confirmed by the inhibition of ACH-induced precontraction by the sequential administration of nifedipine and Pyr3 (Fig. 4c ). The summary of results show that the extent of nifedipine-induced relaxation (31.8 ± further investigated. We used nifedipine, tetraethylammonium chloride (TEA) and niflumic acid (NA) to block LVDCC-mediated and K + -and Cl − -channel-mediated currents, respectively 15 , because these channels are activated by ACH. The measured currents were thus ACH-activated non-selective cation channel (NSCC)-mediated currents, recorded using a ramp ( Fig. 4e ). Values at −70 mV were measured and used to plot a current-time trace, showing that Pyr3 reduced the NSCC-mediated currents from −13.3 ± 1.5 pA to −6.1 ± 0.6 pA (P < 0.01). These data suggest that ACH activates TRPC3 and/or STIM/Orai channels.
Mechanism of EAF-induced inhibition of high K + -and ACH-induced precontraction.
We then investigated whether EAF inhibits the pathways defined in the above experiments to promote relaxation. As shown in Fig. 5a , the LVDCC-mediated currents were markedly reduced by EAF, suggesting that EAF potently inhibits LVDCCs. This finding was further supported by the following experiments. Under Ca 2+ -free conditions, 80 mM K + resulted in the opening of LVDCCs, but no contraction occurred, suggesting that the high K + -induced contraction is completely dependent on Ca 2+ influx via LVDCCs. The addition of 2 mM Ca 2+ induced a contraction, which was reduced to 79.8 ± 4.9% by EAF (n = 6/6); the remaining contraction force was 1.95 ± 0.55 mN (Fig. 5b) . These results indicate that EAF inhibits LVDCC-mediated Ca 2+ influx, and this results in a marked relaxation of ASM. As shown in Fig. 5c , EAF reduced the force of contraction induced by the addition of 2 mM Ca 2+ (the peak force was 0.91 ± 0.29 mN, n = 6/6; P > 0.05 versus the remaining contraction force in Fig. 5b ), further supporting that EAF inhibits LVDCCs. We next investigated whether EAF inhibits TRPC3 and STIM/Orai channels. As shown in Fig. 6a , ACH-induced NSCC-mediated currents were similarly isolated using nifedipine, TEA and NA. These currents were completely blocked by EAF (from −14.70 ± 0.56 pA to 0.80 ± 0.11 pA, n = 6), indicating that EAF blocks ACH-activated NSCCs. This finding suggests that EAF blocks TRPC3 and STIM/Orai channels, which are activated by ACH ( Fig. 4e ).
TRPC3 and STIM/Orai channels are Ca 2+ -permeant NSCCs. As shown in Fig. 6b , ACH induced transient contractions in TRs (1.98 ± 0.17 mN, n = 7/7) under Ca 2+ -free conditions (0 Ca 2+ + 0.5 mM EGTA) and LVDCC blockade (with nifedipine) due to Ca 2+ release from the ER. When the contraction reached a plateau, 2 mM Ca 2+ was added, and additional contractions occurred. These contractions were further blocked by EAF (60.9 ± 3.4%, n = 7/7), suggesting that the blockade of TRPC3 and STIM/Orai channels can contribute to the EAF-induced relaxation of TRs.
EAF contains quercetin.
We then attempted to identify the compound in EAF that plays the role of the relaxant. Quercetin can be extracted from P. aviculare 18 and has been shown to relax ASM [19] [20] [21] [22] . Therefore, we fractionated EAF using HPLC ( Figure S2 ). The results showed that one peak of EAF overlapped with that of quercetin, indicating that EAF contains quercetin. Fig. 3b . The currents were partially inhibited by EAF. The current-voltage curves were plotted. P-values evaluated with paired t-test from left to right are 1.6E-3, 1.8E-4, 1.2E-3, 1.3E-5, 6.1E-5, 9.7E-5 and 1.2E-3 between the currents before and after EAF administration. **P < 0.01; ***P < 0.001. (b) Under Ca 2+ -free conditions (0 Ca 2+ + 0.5 mM EGTA), 80 mM K + failed to induce contractions. However, upon the addition of 2 mM Ca 2+ , contractions were observed, which were markedly inhibited by 1 mg/mL EAF. (c) When TRs were incubated with EAF, contractions induced by 2 mM Ca 2+ were substantially inhibited. These data indicate that the EAF-induced relaxation may be due to its inhibition of LVDCC-mediated Ca 2+ influx.
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To further determine whether quercetin inhibits LVDCCs and ACH-activated NSCCs, we measured the respective channel-mediated currents in response to quercetin. The results show that quercetin completely blocked the currents mediated by LVDCCs ( Figure S3a ) and ACH-activated NSCCs in mouse tracheal ASM cells (even when the nifedipine-sensitive LVDCCs, TEA-sensitive K + channels and NA-sensitive Cl − -channels were blocked) ( Figure S3b ). These results indicate that quercetin blocks LVDCCs, TRPC3 and STIM/Orai channels.
We next studied the effects of quercetin on the precontraction of human bronchial ASM. As shown in Figure S4 , quercetin had similar inhibitory effects on the ACH-induced precontraction of human bronchial ASM. The maximal inhibition of quercetin was 100.7 ± 3.7% (n = 8 samples/8 subjects). The vehicle had no such effect on ACH-induced precontraction (n = 7/4). These results suggest that quercetin inhibits ACH-induced ASM precontraction.
Discussion
Our results indicate that EAF inhibits high K + -and ACH-induced precontraction in ASM. The high K + -induced precontraction was completely mediated by LVDCCs; however, the ACH-induced precontraction was at least partially mediated by LVDCCs, TRPC3 and/or STIM/Orai channels. EAF inhibited these channels and thus almost inhibited the precontraction of ASM induced by high K + , while it partially attenuated the precontraction of ASM induced by ACH. In addition, EAF was found to contain quercetin. Standard quercetin could also inhibit ASM precontraction and currents mediated by LVDCCs and ACH-activated NSCCs. These results suggest that EAF and quercetin can inhibit ASM precontraction through the inhibition of Ca 2+ -permeant ion channels such as LVDCCs, TRPC3 and STIM/Orai channels (Fig. 8) .
We screened active herbal compounds that can inhibit the precontraction of mouse and human ASM induced by ACH or high levels of K + and found that a particular fraction extracted from P. aviculare, EAF, had this capability (Figs 1, 2 and S1). The epithelial layer of TRs may play a role in the EAF-induced relaxation of TRs, as the dose-inhibition curve was steeper for epithelium-denuded TRs (Fig. 1b) than that for intact control TRs (Fig. 1a) . However, the removal of the epithelium did not affect the maximal relaxation induced by EAF; nevertheless, we did not investigate the underlying mechanism much further and used intact samples for most of the experiments in this study. The petroleum ether, chloroform, butyl alcohol and water fractions of P. aviculare had no effect on the precontraction of ASM. These data indicate that EAF attenuates the precontraction of ASM.
We identified the pathways involved in the EAF-induced inhibition of high K + -induced precontraction of ASM. High K + -induced contraction is known to be mediated by LVDCCs 15 , and thus, we blocked LVDCCs with nifedipine. The results show that the high K + -induced precontraction and LVDCC-mediated currents were almost completely inhibited ( Fig. 3a ), suggesting that the high K + -induced contraction is completely dependent on LVDCC-mediated Ca 2+ influx. Therefore, EAF likely inhibits the above pathway. To confirm this postulation, we investigated whether EAF blocks LVDCC-mediated currents and observed a partial blockade (Fig. 5a) . Additionally, the LVDCC-mediated Ca 2+ influx-induced contraction was partially inhibited by EAF, which was validated by the marked, albeit incomplete, inhibition of the high K + -induced contraction by EAF (Fig. 5b,c) . Therefore, the remaining contractile force (Fig. 5b,c) may have been due to the LVDCCs that could not be inactivated. This result was different from that with EAF alone, as EAF was shown to induce only small contractions in resting TRs (Fig. 1d) .
We also investigated the underlying mechanism by which EAF inhibits ACH-induced precontraction. LVDCCs, TRPC3 and STIM/Orai channels are known to participate in ACH-induced contraction 15 . Our results indicate that nifedipine and Pyr3 induce a partial relaxation of ASM ( Fig. 4a-d ), suggesting that LVDCCs, TRPC3 and/or STIM/Orai channels contribute to ACH-induced contraction. As these channels were inhibited by EAF, we concluded that they mediate the EAF-induced relaxation in ASM. In the present study, we wanted to determine whether EAF inhibits these channels and then induces relaxation, and indeed, we found that EAF inhibited LVDCCs and then resulted in relaxation, as described above. In addition, we found that ACH induced currents that could be partially blocked by Pyr3 (Fig. 4e ), suggesting that ACH activates TRPC3 and/or STIM/Orai channels. Moreover, the ACH-induced currents were completely inhibited by EAF (Fig. 6a) , indicating that EAF could block TRPC3-and/or STIM/Orai channel-mediated currents. Consistent with these results, EAF reduced the Ca 2+ influx-induced contraction under conditions of LVDCC blockade (Fig. 6b ). This Ca 2+ influx was mediated by TRPC3 and/or STIM/Orai channels ( Fig. 4e ) and other pathways because Pyr3-resistant currents were still present; however, the actual pathways involved in this process and whether these resistant currents contribute to ASM contraction remain to be defined. Nevertheless, the results suggest that EAF can inhibit LVDCCs, TRPC3 and STIM/Orai channels and thus block ACH-induced precontraction.
P. aviculare contains quercetin 18 , and quercetin has been shown to induce ASM relaxation [19] [20] [21] [22] . Moreover, quercetin was previously shown to inhibit LVDCCs and reduce high K + -induced precontraction in rat coronary artery smooth muscle cells 23 . We demonstrated that EAF indeed contained quercetin ( Figure S2 ). Therefore, we investigated the effects of standard quercetin on ASM precontraction along with the underlying mechanism. The results showed that quercetin inhibited ACH-and high K + -induced precontraction in mouse TRs (Fig. 7) , and it reduced currents mediated by LVDCCs and ACH-activated NSCCs in mouse tracheal ASM cells ( Figure S3 ) and ACH-induced precontraction in human bronchial ASM strips ( Figure S4) . These results indicate that quercetin and EAF have similar effects on ASM and that the underlying mechanisms may be similar.
We conclude that EAF relaxes precontracted ASM by inhibiting Ca 2+ -permeant LVDCCs, TRPC3 and/or STIM/Orai channels. Quercetin contained in EAF and standard quercetin have similar inhibitory effects on ASM contraction. These findings suggest that P. aviculare could be used to develop new bronchodilator agents.
Materials and Methods
Guideline statement. All methods used in this study are in accordance with protocols approved by the South Central University for Nationalities. All animal studies and experiments were conducted under guidelines and protocols approved by the Institutional Animal Care and Use Committee of the South Central University for Nationalities. Human tissues were obtained with informed consent from unused lung tissues of transplant donors and recipients and from normal segments resected from lung carcinoma patients. All experiments were performed under guidelines and protocols approved by the Ethics Committee of the South Central University for Nationalities. Reagents. Nifedipine, NA, tetraethylammonium chloride (TEA), ACH, pyrazole-3 (Pyr3), bovine serum albumin (BSA), papain, collagenase H, dithiothreitol (DTT), dithioerythritol (DTE), cesium acetate, cesium chloride (CsCl), Mg-ATP, and agarose were purchased from Sigma (St. Louis, MO, USA). Nifedipine and Pyr3 were dissolved in dimethyl sulfoxide (DMSO), and other compounds were dissolved in the appropriate solutions used in the experiments.
Plant material and extraction. P. aviculare was purchased from Beijing Tongrentang (Wuhan, China) and authenticated by Professor Ding-Rong Wan (College of Pharmacy, South Central University for Nationalities). A voucher specimen was deposited at the herbarium of College of Pharmacy, South Central University for Nationalities.
P. aviculare plants were dried, powdered and then extracted thrice with 70% aqueous ethyl alcohol. The extracts were boiled for 2.5 h, and the supernatants were collected and dried under reduced pressure. The dried products were mixed with 600 mL water, and the lipids were removed using petroleum ether. The remaining components were then extracted with ethyl acetate and dried under reduced pressure. The final product, EAF, was dissolved in 3% DMSO for all experiments. Measurement of ASM contraction. The contraction of ASM in TRs was measured as previously described with some modifications 15, [24] [25] [26] . Briefly, mice were sacrificed with intraperitoneal injections of sodium pentobarbital (150 mg/kg). The tracheae were dissected and transferred to ice-cold physiological salt solution (PSS) containing (in mM) NaCl 135, KCl 5, MgCl 2 1, CaCl 2 2, HEPES 10, and glucose 10 (pH = 7.4, adjusted with NaOH). TRs (~5 mm) were cut from the bottom of the tracheae and mounted in 10-mL organ baths containing PSS bubbled with 95% O 2 and 5% CO 2 at 37 °C. A 0.3 g preload was added. The TRs were equilibrated for 60 min and precontracted three times with 10 −4 M ACH. After 30 min, experiments were performed with high-K + solution containing (in mM) NaCl 60, KCl 80, MgCl 2 1, CaCl 2 2, HEPES 10, and glucose 10 (pH = 7.4, adjusted with NaOH).
Additionally, ASM contraction was indirectly measured in mouse lung slices 25, 27 . Briefly, after the mice were euthanized, the tracheae and lungs were exposed. The tracheae were cannulated. Each lung was slowly inflated with warm agarose solutions (2%, 37 °C, ~1.3 mL) followed by ~0.2 mL of air. The lungs were then cooled at 4 °C to gel the agarose. Single lobes were removed and sectioned into ~140-μm thick slices with a vibratome (VT1000S, Leica, Nussloch, Germany). The slices were collected and transferred to Dulbecco's modified Eagle's medium (DMEM) (GIBCO) and maintained in an incubator (with 95% O 2 and 5% CO 2 at 37 °C) for 2 h before being used in experiments. The slices were placed in a chamber and held in place with a small nylon mesh. The chamber was placed under an LSM 700 laser confocal microscope (LSM 700, Carl Zeiss, Goettingen, Germany) and was perfused with Hanks' balanced salt solution (HBSS) at a rate of ∼800 μL/min at room temperature. HBSS was supplemented with 20 mM HEPES (containing in mM, NaCl 137.93, KCl 5.33, NaHCO 3 4.17, CaCl 2 1.26, MgCl 2 0.493, MgSO 4 0.407, KH 2 PO 0.4414, Na 2 HPO 4 0.338, and D-glucose 5.56; adjusted to a pH of 7.4). Images were acquired at a rate of 30 frames/min under a 10 × objective. ALA was calculated using Zen 2010 software (Carl Zeiss).
ASM contraction was also measured in human bronchial ASM as described above. ASM strips were cut from airways and transversely mounted in chambers. The preload was set at 0.3-0.8 g based on the tissue size.
Isolation of single ASM cells.
Single ASM cells were isolated from BALB/c mouse tracheal smooth muscle as previously described with minor modifications 24, 28 . Briefly, after the mice were euthanized, the tracheae were removed and transferred to ice-cold PSS. The tracheal muscle was dissected, minced and incubated for 22 min at 35 °C in low-Ca 2+ PSS (LCPSS; PSS containing 100 μM Ca 2+ ) supplemented with 2 mg/mL papain, 1 mg/mL DTE, and 1 mg/mL BSA. The tissues were then transferred to LCPSS containing 1 mg/mL collagenase H, 0.15 mg/ mL DTT, and 1 mg/mL BSA for 8 min at 35 °C. The tissues were washed with LCPSS and then gently triturated to yield single ASM cells. Cells were kept on ice and used for experiments within 4 h.
Measurement of ion channel-mediated current. Current from LVDCCs and ACH-activated channels
was recorded using an EPC-10 patch-clamp amplifier (HEKA, Lambrecht, Germany) at room temperature as previously described with some modifications 29, 30 . For LVDCC-mediated current measurement, Ba 2+ was used as the charge carrier. The pipette solution contained (in mM) CsCl 130, EGTA 10, MgCl 2 4, Mg-ATP 4, HEPES 10, and TEA 10 (pH = 7.2, adjusted with CsOH). The bath solution contained (in mM) NaCl 105, CsCl 6, BaCl 2 27.5, glucose 11, HEPES 10, TEA 10, and NA 0.1 (pH = 7.4, adjusted with NaOH). The holding potential was -70 mV, and the current was measured every 10 s using 1000-ms steps from -70 to 40 mV in 10 mV increments. For ACH-activated current measurements, the pipette solution contained (in mM) CsCl 18, cesium acetate 108, MgCl 2 1.2, HEPES 10, EGTA 3, and CaCl 2 1 (pH = 7.2, adjusted with Tris-HCl). The free Ca 2+ concentration was approximately 70 nM as calculated using the WEBMAXC standard program (http://www.stanford.edu/~cpatton/ webmaxc/webmaxcS.htm). The bath solution was PSS without K + containing 10 μM nifedipine, 100 μM NA, and 10 mM TEA to block Ca 2+ -, Cl − -and K + -channel-mediated current, respectively. Cells were patched in the SCIENTIfIC RePoRtS | (2018) 8:3114 | DOI:10.1038/s41598-018-20409-x classical whole-cell configuration and held at −60 mV. The current was measured using a 500-ms ramp from −80 to 60 mV, and the values at −70 mV were used to represent the current.
Hematoxylin and eosin staining. The depletion of airway epithelia was confirmed by hematoxylin & eosin staining as previously described with some modifications 31 . Briefly, after the experiments were complete, the TRs were fixed using 4% paraformaldehyde for 10 min at room temperature, sectioned into 8-μm slices and then stained with hematoxylin and eosin. The slices were examined under a microscope.
Statistical analysis.
The results are expressed as the mean ± standard error of mean (SEM). Student's t-test between two groups and one-way ANOVA among multiple groups were performed, and the statistical significance was set at P < 0.05.
